Generation of Non-classical Light via Optical Parametric Amplification and Photon Detection by 髙橋 佑太
??????????????????
???????
Generation of Non-classical Light









? 1? ?? 3
1.1 ???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
? 2? ???? 7
2.1 ????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 ? 2????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 ????????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 ??????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 ??????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.6 ??????????? . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
? 3? ????????????????????? 21
3.1 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 ??? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3 ???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.4 ??? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
? 4? Schro¨dinger???????????????????? 29
4.1 ?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.2 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.3 ??? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.4 ????????????????????? . . . . . . . . . . . . . . . 34
4.5 PNRD????????? . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.6 ???? SPD?????????? . . . . . . . . . . . . . . . . . . . . 41
4.7 ??????????? . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2 ??
4.8 ??? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
? 5? ?? 49
?? A ?????? 51
A.1 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
A.2 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
?? B Fn1n2n3 ? Pn1n2n3 ????? 55
?? C ????????????? 57
C.1 ??????????? . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
?? D ????????????? 61
D.1 ?????????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
D.2 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
D.3 ???????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
?? E ?? 67
E.1 ???????????? . . . . . . . . . . . . . . . . . . . . . . . . . . 67
E.2 ???????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
E.3 Campbell-Baker-Hausdorff?? . . . . . . . . . . . . . . . . . . . . . . 71
?? F Schro¨dinger???? 73
F.1 ????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
?? G ??????????????? 75
G.1 ??????????????? . . . . . . . . . . . . . . . . . . . . . . 75
G.2 Wigner??W (x, p)??? . . . . . . . . . . . . . . . . . . . . . . . . . 76
G.3 Wigner????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77



















































???????????????????????????? [1]??? 0.9 mm?10 mm
????????? 8.2 mm?50 mm????????????????????????





















































∇ ·D = 0 (2.4)
????D ??? E ?????????
D = ε0E + P ? (2.5)
?????????????????????????? P ??? E ?????????
??2???????????????
P = ε0χE + PNL (2.6)










8 ? 2? ????
????????ε = ε0(1 + χ)????? (∇ ·E = 0)????????????????
??????? PNL ??? E ??????????????????????

























E = E(ω1)(z, t) + E(ω2)(z, t) + E(ω3)(z, t) (2.9)
????????? PNL ? 2?????,
PNL = deffE
2 (2.10)
??????? deff ?????????????????????? (2.8),(2.9), (2.10)?
????? (2.7)?????????????????????????????????
ω1, ω2, ω3 ??
ω3 = ω1 + ω2 (2.11)
??????????? (2.11)?????????? ω1 ??????????????





























2.2 ? 2????? 9

























???? ω ?????????????????? 2ω ????????? 2 ???
?? (second harmonic generation: SHG) ????????? (2.14)?(2.16) ?????

































????????????????? ω?2ω ?????????????????? ω ?
??????????????? (optical parametric amplification: OPA)??????
(2.14)?(2.16)?????ω1 = ω2 = ω, ω3 = 2ω ??????????????????
10 ? 2? ????












????????A1, A2 ??????????????????????????? (??
?? ω)?????????????












































= (cos2 θ e|g|L + sin2 θ e−|g|L)P (ω)(0) (2.27)
????????A = |A|eiθ ????? (2.22)?(2.27)????????????????

















∇ ·D = 0 (2.29)







D = ε0E + P (2.33)
B = µ0H (2.34)
?????????????????????????????? P ??? E ?????
????
P = ε0χ
(1) :E + ε0χ
(2) :EE + ε0χ
(3) :EEE · · · (2.35)
??? χ(j) ? j + 1??????????
??????????????????? A˜ = (A0,A)????Maxwell??????




+∇A0, B = ∇×A (2.36)
?????????????????????













































































???????Π0 = 0?? A0 ????????????????????? (∇ ·A = 0)
???2.36????????????












































































ij Dj + η
(2)

























′, t)] = iℏ δij δ(r − r′) (2.47)
Coulomb??? ∇ ·A = 0???????????A,D ??????????????




















′,γ′ ] = 0, [aˆk,γ , aˆ
†
k






































??? ε = ε0(1 + χ(1))????? (2.50)?? 1?? Hˆ0?? 2?? Hˆ′ ????????
??????????????????????????????? A,????D? z ?








































































i(kjz−ωjt) − aˆ†j(t) e−i(kjz−ωjt)
]
(2.56)


















































































































??????? θ = arg(g∗a3)??????? qˆ(t), pˆ(t)??????????








θ = 0????r = 12 |ga3|t????
qˆ1(t)− qˆ2(t) = [qˆ1(0)− qˆ2(0)] e−r (2.69)
pˆ1(t) + pˆ2(t) = [pˆ1(0) + pˆ2(0)] e
−r (2.70)
?????????????????????????????????????????
???????????????? ω ????????????????ω + δω, ω − δω
???????????????????????????????????????
(nondegenerate optical parametric amplification : NOPA) ?????????????































??????? µ = sinh2 r ????????????????????????????
?????????????
???????????????????????????????????? (degener-

















aˆ(t) = aˆ(0) cosh (|ga3|t) + eiθaˆ†(0) sinh (|ga3|t) (2.75)
????θ = 0????ξ = 12 |ga3|t????
qˆ(t) = eξ qˆ(0) (2.76)
pˆ(t) = e−ξpˆ(0) (2.77)
????????????????????
aˆ(0)|α⟩ = A|α⟩ (2.78)
⟨qˆ(t)⟩ = ⟨α|qˆ(t)|α⟩ = eξq (2.79)












⟨0|qˆ(t)|0⟩ = 0 (2.83)








????????????????????? (spontaneous parametric down conversion











































????????? [13]?????? aˆS ?????? (LO?)aˆLO ????? 50:50???














??? aˆS ? LO? aˆLO ?? (2.91),(2.92)??????????????????
aˆS = ∆aˆS,1 + i∆aˆS,2 (2.91)








†aˆLO − aˆLO†aˆS) sinφ
≈ 2ALO(∆aˆS,1 cosφ+∆aˆS,2 sinφ) (2.93)
20 ? 2? ????
????????????????????? PD ?????????????????










































































22 ? 3? ?????????????????????



















































??????????? (Opal?Spectra Physics??????? 1557 nm???????
35 nm??????? 80 MHz) ??????
???????? 2????? (HWP)???????????? (PBS)??????
3.2 ??? 23
???????? (LO)??????????????????????
?????????????? 0.9mm??????? 19.0 µm? PPLN???????
???????????? PPLN????????????????????? 5mol%?
MgO?????????????? 300 mW????? PPLN???????????
778 nm??????? 6 nm?????? 70 mW??????????????? OPA









































???????????????? (SPD)????????????? 30 nm?????
24 ? 3? ?????????????????????
? 1550 nm??????? (IF)?????????????????
3.3 ????
3.3.1 ??????
OPA ?????????????????????????????? (SMF) ???
???????????? 50:50 ???????????????? (SPD) ??????
??????? 30 nm?????? 1550 nm??????? (IF)???????????
???????????????????????? (3.1)?(3.5) ??????????
? 0.9 mm? PPLN??????? T = 0.13, η1 = η2 = 0.20??????? 10 mm?
PPLN????? 50 mm?????????????????T = 0.14, η1 = η2 = 0.20
????????????? 0.9 mm ???????????????????? DOPA



















































































































? 3.4 ??? 10 mm????? 50 mm????????
3.3.2 ????????????????
OPA ????????????????????????? (LO) ? PBS3 ?????
HWP4 ? PBS4 ??? 50?50 ??????????????????????????
26 ? 3? ?????????????????????
?????????????????? (PD) ? InGaAs pin PD(Hamamatsu, ????
85% )??????????????? (DL)????????????????????
??????????????????? (PZT)??????????????????
??????????????????????????? 10 mm????? 50 mm ?
????? 1.6 dB??????????????????????? 0.9 mm?????

























































































?? (+)??? (−)??? Schro¨dinger??????????????
|ψ±cat⟩ ≡
1√
2(1± e−2|α|2) (|α⟩ ± | − α⟩) (4.1)
|α⟩ ???????????????????????????????????????
???? α ? aˆ|α⟩ = α|α⟩ ?????????????????????? [20, 21, 22]
???????????? [23, 24] ,??????????? [25] , ????? [26, 27]??
??? [28, 29]?????????????????




???????????? [4]??????? [5, 6, 7]???? [8, 9]?3 ?? [10] ???
????????????????????????????????????? |α| ≲ 1
????????????????????????????????????????
??????????? |α| > 1.2 [24]??????? |α| > 1.52 [10] ???????
??????? 1 ?????Nielsen ? Mølmer ??????????????????





2 − β2i ) ? Oˆ2k+1 ≡
∏k
i=1(aˆ
2 − β2i )aˆ?????????????????
?????????????????????????????????????????
???????? βi ???????????????????????????????
????? 4.2 ??????? Nielsen ? Mølmer ????????? Oˆ3 ??????
????? βi ???????????????????????????
??????????photon-number resolving detector: PNRD??????????
?????????????????????????????????????Takahashi





?????????PNRD?????????????? (single-photon detector: SPD)
?????????SPD? PNRD?????????????????????????
????????????????????1????????????????????









? Dakna???? (β = 0)? β ?????? NM??????????????????
?????????????????????????????????????????







































?? [11] ??????????????? Oˆ3 ??????????????????
??? 2??????????????????? PNRD?????? (? 4.2)????
??????????
|Φtotal⟩ = BˆFD(θ5)BˆAD(θ3)BˆEC(θ4)BˆAC(θ2)BˆAB(θ1)|S(ζ)⟩|0⟩|0⟩|0⟩|γ+⟩|γ−⟩ (4.5)
????????????? Fock?????????







32 ? 4? Schro¨dinger????????????????????
Photon-number resolving detectors 












? 4.2 Oˆ3 ??????????????????????? 2??????????






























aˆi ??? i??????????? 4.2?????????? PNRD??????????
??????F.3??????????? |S(ζ)⟩???????????????




Cm1,m2 aˆm1+m2Oˆ3|S(ζ0)⟩⟨S(ζ0)|Oˆ†3(aˆ†)m1+m2 , (4.11)
4.3 ??? 33





































??????Cm1,m2 ?????? R4?R5 ????C0,0 ??????????????




????? 4.3????? [12]??????? Oˆ3 ??????????????????
?????????????????????????????????????????
????????????????





3????? PNRD? n1, n2 and n3 ??????????????????????
|ψn1,n2,n3⟩ = B⟨n1|C⟨n2|D⟨n3|Ψtotal⟩ (4.17)
=
√

















ζ1 = T2T1ζ. (4.20)
|ψn1,n2,n3⟩ ???????????⟨ψn1,n2,n3 |ψn1,n2,n3⟩ ̸= 1 ???????
⟨ψn1,n2,n3 |ψn1,n2,n3⟩ ????? PNRD ? n1, n2, n3 ????????????
34 ? 4? Schro¨dinger????????????????????











? 4.3 ???? Oˆ3 ?????n1 = n2 = n3 = 1??? Oˆ3 ???????
??????????ζ1?β1 ?? (4.3)?(4.4) ????????????? Oˆ3 ?
n1 = n2 = n3 = 1 ???????????????????????????????


























Pn1n2n3 = ⟨ψn1,n2,n3 |ψn1,n2,n3⟩, (4.23)
?? cn ?????????PNRD? n?????????????1?????????
???????? PNRD????????? cn ???????
cn = Prob(no dark counts) Prob(1 photon observed among n incident photons)
+ Prob(dark counts) Prob(0 photon observed among n incident photons)













Fn1n2n3 = |⟨ψ−cat|ψn1,n2,n3⟩|2. (4.27)
Fn1n2n3 ? Pn1n2n3 ???????????? B??????????????? SPD?
???????????? FSPDcat ????????? PSPD ?? (4.26)?(4.22)? cn ? c′n
????????????????????
c′n = 1− Prob(no clickwithn incident photons)
= 1− (1− pd)(1− η)n. (4.28)
4.5 PNRD?????????
?????????????? PNRD???????????????|α| = 1, 2, 3??
??????????? 4.4?4.6?4.8???????????????????????
36 ? 4? Schro¨dinger????????????????????
?????????? T1 = T2 = 0.99????????|α| = 1, 2, 3?????????




















c21c2(P112 + P121 + P211) ∝ c21c2R42 ≃ 2R2(1 − η)(ηR2)3 ??????????????
?????? c31P111 ∝ c31R32 ≃ (ηR2)3 ???????????? R2 ?????????
?????????????????????????????????????????
??????????????????????????????? PNRD??????
?????????? PPNRD ? |α| = 1, 2, 3????????? 4.5?4.7?4.9????
???????? |α| = 1 ????????????????????????????
????????????? PNRD???????? [33, 34, 35]???????????






???????????? pd ???????????????????? PNRD ???
|α| ζ Squeezed Level (dB) β1
1 0.123 1.08 0.474
2 0.417 3.85 0.949




??? FPNRDcat = 0.999, 0.9922, 0.930 ? |α| = 1, 2, 3 ????????????????
??????????? pd ????? η?? 4.2????????????? 98%???
??????????????? [34]???????????????????????
|α| FPNRDcat FPNRD∗ PPNRD η pd
1 0.999 1.000 7.52× 10−11 0.968 6.73× 10−9
2 0.992 0.994 2.71× 10−8 0.977 8.97× 10−8
3 0.930 0.934 7.86× 10−7 0.979 3.51× 10−7
? 4.2 ??????????????????????
FPNRDcat ? PPNRD ????????? PNRD??????????????????
?????η ?????? pd ?????????????? FPNRD∗ ???? PNRD
?????????????????

































































































































































































? 4.7 ???? PNRD?????????????? PPNRD ????? (|α| = 2)





























































































? 4.9 ???? PNRD?????????????? PPNRD ????? (|α| = 3)
4.6 ???? SPD?????????? 41
4.6 ???? SPD??????????
??? PRND?????????????????????????????????




? 4.10?4.15 ??????? FSPDcat ????????? PSPD ??????????




? 4.3 ???????????????????????? Si ??????????
????????????????? η = 0.65 ????????? pd = 2.5 × 10−8 ?
???????????????????????????????????????
?????????????? FSPDcat ???????? SPD ????????????
?? FSPD∗ ??????????????????????????????????
??T2 = T1 = 0.999 ???????, ????? |α| = 1, 2, 3 ???????????
FSPDcat = 0.989, 0.988, 0.923????
|α| FSPDcat FSPD∗ PSPD η pd
1 0.981 0.987 2.32× 10−11 0.65 2.5× 10−9
2 0.942 0.955 8.47× 10−9 0.65 2.5× 10−9
3 0.833 0.857 2.63× 10−7 0.65 2.5× 10−9






















































































? 4.11 ??? SPD??????????????? PSPD ????? (|α| = 1)


















































































? 4.13 ??? SPD??????????????? PSPD ????? (|α| = 2)






















































































































































































2mφ |⟨ψ−cat|ψ(m)out ⟩|2. (4.38)
46 ? 4? Schro¨dinger????????????????????
?????????? ηh = 0.78?????????????? TSQ = 0.84 =
0.78/0.97/0.97/0.99 ??????? [37] ??????????0.78 ?????????
0.97?????????0.99???????????????????????????
4.6????????????????????????????? η ?? ηTSQ ????
????? 4.4?????????????????? [38, 37]????????????
?????????????????????????????????????????
?????????????????
|α| Fcat P Ref.
1.0 0.721 7.03× 10−12 —
1.0 0.68 — [38]
1.3 0.665 6.77× 10−11 —
1.3 0.60 — [37]
1.6 0.601 4.45× 10−10 —































































































????????????? (i),????? (s),???? (p)?????????????
?????











???????????? λp = λ, λs = λi = 2λ???????


















(a): ?? 1????(b): ?? 1???
ne: ?????????no: ???????
2no(2ω) = ne(ω) + ne(ω) (A.4)
????
2ne(2ω) = no(ω) + no(ω) (A.5)
???????? TYPE1???????????????
2no(2ω) = no(ω) + ne(ω) (A.6)
????



















































































?? A.2??????????? (??:2 pi
∆k
) ????????????????????
















































??? ∥ · ∥????????????? Fn1n2n3 ? Pn1n2n3 ?????????????
??????
fn ≡ ⟨ψ−cat|aˆn|S(ζ)⟩, (B.4)
pm,n ≡ ⟨S(ζ)|aˆ†maˆn|S(ζ)⟩. (B.5)
???????????????????





⟨0|eα∗aˆe ζ2 aˆ†2 |0⟩
















2 ??Hn(x)? Hermite?????????????fn ???????
?????
f2k = 0, f2k+1 =












1− ζ2 [(m+ n+ 1)pm,n +mnpm−1,n−1] (B.9)
??? pm,n = pn,m ????
p2k,0 = (2k − 1)!! ζ
k












(2k)!(l + 2k + 2j − 1)!!
2k−j(k − j)!(2j)!(l − 1)!! , (B.13)
Q(k)j =
(2k + 1)!(l + 2k + 2j + 1)!!
2k−j(k − j)!(2j + 1)!(l − 1)!! , (B.14)








????????????? 80 MHz????????????? 80 MHz??????



















































































)− µ) (ηjT )2 (∵ ηjT ≪ 1) (D.3)
????????? P (n) ? n ??????????????????????????






















































= PS1 + PS2 − PS1∪S2 (D.7)
≃
(




























































2 + µ (D.16)
????????????????????????????????????????
?????????????






(N + n− 1)!
(N − 1)!n! tanh
2n r (D.18)

















µ2 + µ (D.21)
N?????????Stirling???????
N ! ≃ (N/e)N . (D.22)





























σ2N ≃ µ (D.25)
?? Poisson???????????????????????????????????
k ?????????????????????????????????













∴ pk(0) + pk(1) = 1 +O(
1
N2
) ≃ 1 (D.28)

















)→ e−µ (N →∞) (D.30)
P (n) =
N !















































































































= a′Lˆ+Sˆ + b
′eaLˆ+Lˆ3e
−aLˆ+ Sˆ + c′eaLˆ+ebLˆ3Lˆ−e
−bLˆ3e−aLˆ+ Sˆ (E.6)
68 ?? E ??
eaLˆ+Lˆ3e
−aLˆ+ = Lˆ3 + a[Lˆ+, Lˆ3] +
a2
2
[Lˆ+, [Lˆ+, Lˆ3]] + · · ·
= Lˆ3 − aLˆ+ (E.7)
ebLˆ3Lˆ−e
−bLˆ3 = Lˆ− + b[Lˆ3, Lˆ−] +
b2
2
[Lˆ3, [Lˆ3, Lˆ−]] + · · ·
= Lˆ− − bLˆ− + b
2
2
Lˆ− + · · ·
= e−bLˆ− (E.8)
eaLˆ+Lˆ−e
−aLˆ+ = Lˆ− + a[Lˆ+, Lˆ−] +
a2
2
[Lˆ+, [Lˆ+, Lˆ−]] + · · ·
= Lˆ− + 2aLˆ3 − a2Lˆ+ (E.9)
? (E.7)?(E.9)?????? (E.6)?????????
Sˆ′ = [(a′ − ab′ − a2c′e−b)Lˆ+ + (b′ + 2ac′e−b)Lˆ3 + c′e−bLˆ−]Sˆ (E.10)
? (E.4)? r ???????
Sˆ′ = (Lˆ+ + Lˆ−)Sˆ (E.11)
??????
a′ − ab′ − a2c′e−b = 1 (E.12)
b′ + 2ac′e−b = 0 (E.13)
c′e−b = 1 (E.14)
????????????????? (E.12)?(E.14)????
































































































































70 ?? E ??
??????




















































































[aˆ, aˆ†] = 1 (E.37)
[nˆ, aˆ] = −aˆ (E.38)
[nˆ, aˆ†] = aˆ† (E.39)
eknˆaˆe−knˆ = e−kaˆ (E.40)
eknˆaˆ†e−knˆ = ekaˆ† (E.41)
E.3 Campbell-Baker-Hausdorff?? 71
E.3 Campbell-Baker-Hausdorff??
eABe−A = B + [A,B] +
1
2


















= eα sin θ aˆ





sin2m θ aˆm ρin a
†m cosnˆ θ eα
∗ sin θ aˆ−α sin θ aˆ†
(F.3)








?? θ ?????????? ρˆ????????????????? prθ(x)?
prθ(x) = Tr[Πˆ(θ, x)ρˆ] (G.1)
??????Πˆ(θ, x) = |θ, x⟩⟨θ, x|??????? Πˆ(θ, x)??????????
Πmn(θ, x) = ⟨m|Πˆ(θ, x)|n⟩


























76 ?? G ???????????????




















xˆ ≡ aˆ+ aˆ
†
2




























G.2 Wigner??W (x, p)???




W (x cos θ − p sin θ, x sin θ + p cos θ)dp (G.10)
G.3 Wigner????? 77
??? Uˆ(θ) ≡ exp(−iθaˆ†aˆ)????
G.3 Wigner?????
Wigner??? Fourier?? W˜ (u, v)
















W (x cos θ − p sin θ, x sin θ + p cos θ) exp(−iξx) dx dp






W (X,P ) exp(−iξ(X cos θ + P sin θ)) dX dP









⟨x|Uˆ(θ)ρˆ Uˆ†(θ) exp(−iξxˆ)|x⟩ dx
= Tr
[




ρˆ Uˆ †(θ) exp(−iξxˆ)Uˆ(θ)
]
= Tr [ρˆ exp(−ixˆξ cos θ − ipˆξ sin θ)] (G.14)
??????? (G.13)?? (G.14)???????????????????
W˜ (u, v) = Tr [ρˆ exp(−iuxˆ− ivpˆ)] (G.15)
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W˜ (u, v) =
∫ ∞
−∞


































v = 2ξ ????????????















x|θ, x⟩ = xˆθ|θ, x⟩
= Uˆ†(θ)xˆUˆ(θ)|θ, x⟩
xUˆ(θ)|θ, x⟩ = xˆUˆ(θ)|θ, x⟩
∴ Uˆ(θ)|θ, x⟩ = |0, x⟩ (G.19)
|θ, x⟩ = Uˆ†(θ)|0, x⟩ (G.20)
⟨m|θ, x⟩ = eimθ⟨m|0, x⟩ (G.21)


























∴ ψ′′m − 4(x2 −m−
1
2


















































[Aˆ,Bˆ] = eAˆ+Bˆ (G.27)
G.3.3 Hermite????
??





























Hn+1(x) = 2xHn(x)− 2nHn−1(x) (G.32)












































(n+ 1)Sαn+1(x) = (2n+ α+ 1− x)Sαn (x)− (n+ α)Sαn−1(x) (G.39)
Sα0 (x) = 1, S
α



















































??? Dˆ(α) = exp(αaˆ† − α∗aˆ)???????α = x+ ip????
Dˆ†(α)aˆDˆ(α) = aˆ+ α (G.43)
? (G.27)????









⟨n|Dˆ(2α)|m⟩ = ⟨m|Dˆ(−2α)|n⟩∗ (G.46)
??????? x, p?????????
x = r cosϕ, p = r sinϕ (G.47)
82 ?? G ???????????????
??????????
W (x, p) =
N∑
k=−N
w(r, k) exp(−ikϕ) (G.48)
w(r, k) =
{ ∑N−k
n=0 wn(r, k)ρn+k,n (k ≥ 0)












(n+ 1)(n+ 1 + k)
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